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Our investigators showed previously that Borrelia burgdorferi-vaccinated gamma interferon-deficient (IFN-␥°) mice challenged with B. burgdorferi developed a prominent chronic destructive osteoarthropathy (13) . The tibiotarsal joint of vaccinated and challenged mice displayed chronic hypertrophy and hyperplasia characterized by erosion of articular cartilage and focal destruction of bone. Treatment of vaccinated IFN-␥°m ice with anti-interleukin-17 (IL-17) antibody followed by challenge with B. burgdorferi prevented the development of arthritis (9) . Specifically, animals were free of inflammatory changes of the joints and bones. These findings suggested that IL-17 plays a critical role in the induction of arthritis associated with an experimental model of B. burgdorferi vaccination and challenge of IFN-␥°mice.
The mechanism by which the proinflammatory cytokine IL-17 induces inflammatory arthritis is partially understood (1, 3, 10, 11, 25) . IL-17 causes expression of many genes involved in the inflammatory process, including production of nitric oxide (5), 49) , 48) , prostaglandin E 2 (17) , granulocyte colonystimulating factor (17) , intracellular adhesion molecule 1 (2, 48) , and complement proteins C3 and factor B (23) . Furthermore, treatment with anti-IL-17 antibody suppresses production of IL-1␤ and tumor necrosis factor alpha, key mediators in the pathogenesis of arthritis (30) . Moreover, blockage of IL-17 can prevent its direct effects on destruction of cartilage, even in the absence of inflammatory cells (11, 25) .
We hypothesized that blockage of IL-17 may also induce another immune pathway responsible for the inhibition of arthritis in B. burgdorferi-vaccinated and challenged IFN-␥°mice. Neutralization of IL-17 may activate T-regulatory cells for prevention of arthritis. T-regulatory cells, especially CD4 ϩ CD25 ϩ T cells, exist as part of the normal immune repertoire (4, 6, 16, 21, 22, 26, 33, 36, 40) and are responsible for maintaining self-tolerance (21, 36, 41, 42) and controlling the development of autoimmune and inflammatory diseases (4, 34, 36, 37, 39, 41, 42) . Specifically, CD4 ϩ CD25 ϩ T cells can prevent insulindependent diabetes mellitus (37) , inflammatory bowel disease (4, 34, 36, 39) , and pancreatitis (36) . In addition, CD4 ϩ CD25 ϩ T cells have been shown to suppress or prevent acute graftversus-host disease after allogeneic transplantation (14, 19, 20, 43) . However, the role that CD4 ϩ CD25 ϩ T cells play in preventing arthritis in B. burgdorferi-vaccinated and challenged IFN-␥°mice treated with anti-IL-17 is unknown.
In this report, we provide evidence that anti-IL-17 therapy increases the number of CD4 ϩ CD25 ϩ T cells in arthritis-free B. burgdorferi-vaccinated and challenged IFN-␥°mice. Treatment of these mice concomitantly with anti-CD25 antibody decreased the number of CD4 ϩ CD25 ϩ T cells and, more importantly, induced severe destructive arthritis.
MATERIALS AND METHODS
Mice. IFN-␥ gene-deficient mice (parental strain C57BL/6) were obtained from W. P. Weidanz (University of Wisconsin) with permission from Genentech, Inc. (South San Francisco, Calif.). The mice were bred at the animal facility located at the Wisconsin State Laboratory of Hygiene. Six-to-ten-week-old inbred male and female IFN-␥°mice weighing 20 to 30 g were housed at an ambient temperature of 21°C. Food and acidified water were provided ad libitum during a light and dark cycle of 12 h. Experimental protocols were reviewed and approved by the Animal Care and Use Committee for the University of Wisconsin Medical School.
Organisms and preparation. Low-passage (Ͻ10) virulent B. burgdorferi 297 (human spinal fluid) and C-1-11 (Microtus pennsylvanicus) cells representing two distinct seroprotective groups among isolates of B. burgdorferi were grown at 32°C in modified Barbour-Stoenner-Kelly (BSK) medium until reaching a concentration of approximately 10 7 spirochetes/ml. Five-hundred-microliter samples were then dispensed into 1.5-ml screw-cap tubes (Sarstedt, Newton, N.C.) containing 500 l of BSK medium supplemented with 10% glycerol (Sigma Chemical Co., St. Louis, Mo.). The tubes were sealed and stored at Ϫ70°C. Six days prior to infection of mice, a frozen suspension of spirochetes was thawed and added to 9 ml of fresh BSK medium and incubated at a temperature of 32°C. On the day of infection, the organisms were visualized by dark-field microscopy and enumerated using a Petroff-Hausser counting chamber.
Vaccine preparation. B. burgdorferi isolate 297 organisms were grown in 1 liter of BSK medium for 6 days, pelleted by centrifugation (10,000 ϫ g, 15°C, 10 min), and washed three times with phosphate-buffered saline (PBS; pH 7.4). The washed pellet was resuspended in 1% formalin, incubated at 32°C with periodic mixing for 30 min, washed three times by centrifugation with PBS (10,000 ϫ g, 10°C, 15 min), and resuspended in PBS. Subsequently, the formalin-inactivated spirochetes were mixed with a sufficient volume of 1% aluminum hydroxide (Reheis, Berkeley Heights, N.J.) to yield 4 ϫ 10 6 spirochetes/ml. Vaccination of mice. Mice were anesthetized with ether contained in a noseand-mouth cup and injected subcutaneously in the inguinal regions with 0.25 ml of the formalin-inactivated whole-cell vaccine preparation. Whole cells of B. burgdorferi are not recommended for development of a vaccine for humans, based on past concerns associated with other types of whole-cell vaccines (24) . However, the ability of whole cells to consistently induce arthritis in mice allows evaluation of immunological mechanisms responsible for the arthritis (9, 13) .
Infection of mice. Twenty-one days after vaccination with B. burgdorferi isolate 297 in alum, mice were anesthetized with ether contained in a nose-and-mouth cup and injected subcutaneously in the left hind paw with 50 l of BSK medium containing 10 6 viable B. burgdorferi isolate C-1-11 cells. It was necessary to infect mice with B. burgdorferi isolate C-1-11 because vaccination with B. burgdorferi isolate 297 induces protective antibodies that prevent the homologous infection from eliciting arthritis (15, 28) . Other infectious isolates of B. burgdorferi besides C-1-11 are also effective in eliciting the arthritis (15, 38) . Controls included vaccinated mice injected with BSK medium alone.
Administration of anti-IL-17 antibody and anti-CD25 antibody. Lyophilized goat anti-mouse immunoglobulin G polyclonal IL-17 antibody (100 g) was obtained from R&D Systems (Minneapolis, Minn.), and purified rat anti-mouse CD25 monoclonal antibody (clone PC61; 0.5 mg) was obtained from BD PharMingen (San Diego, Calif.). The antibodies were resuspended in filter-sterilized (0.2-m-pore-size filter; Acrodisk; Gelman Sciences, Ann Arbor, Mich.) PBS (pH 7.2) to yield concentrations of 50 g/ml.
Twenty-one days after vaccination, multiple groups of four mice each were infected with 10 6 viable B. burgdorferi organisms in the left hind paw (Fig. 1) . One hour after challenge, the mice were injected in the left hind paw with 50 l (2.5 g) of anti-IL-17 antibody. In addition, multiple groups of vaccinated, nonchallenged mice received 50 l of anti-IL-17 antibody in the left hind paw 21 days after vaccination. Anti-IL-17 antibody was administered daily thereafter for 7 days.
In other studies multiple groups of five anti-IL-17-treated vaccinated and challenged mice were injected in the left hind paw with 50 l containing 2.5 g of anti-CD25 antibody 1 day before challenge and daily thereafter for 8 days. In addition, other studies involved delayed administration of anti-CD25 antibody for 48 or 96 h after anti-IL-17-treated vaccinated mice were challenged with B. burgdorferi. Anti-CD25 antibody treatment was discontinued in these latter experiments 5 and 3 days after administration, respectively.
Flow cytometry. Eight and 20 days after anti-IL-17-treated vaccinated mice with or without challenge with B. burgdorferi were injected with anti-CD25 antibody, the inguinal and popliteal lymph nodes were obtained from the left hind quadrant and left hind leg of the mice. Single-cell suspensions of the lymph node cells were prepared by teasing apart the nodes with forceps and passing them through a sterile nylon mesh screen (Fisher, Hanover Park, Ill.) into cold filter-sterilized PBS. Suspensions of lymph node cells were placed in chilled centrifuge tubes, and the total number of lymphocytes was determined. Cells (5 ϫ 10 5 ) were then dispensed into chilled centrifuge tubes, mixed with 2.5 l each of fluorescein isothiocyanate-conjugated rat anti-mouse CD4 antibody (BD PharMingen), R-phycoerythrin-conjugated rat anti-mouse CD25 antibody (PharMingen), and allophycocyanin-conjugated rat anti-mouse CD8 antibody (PharMingen), and incubated at 4°C for 30 min under dark conditions. Isotype controls for each antibody (BD PharMingen) were also included. Subsequently, the cells were washed by centrifugation with PBS at 4°C (500 ϫ g, 5 min) and the pellets were resuspended in 300 l of cold PBS. Propidium iodide (50 l of a 50-g/ml solution; Sigma) was added to each tube to discriminate between viable and nonviable cells. Data were acquired using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, Calif.) using CellQuest acquisition and analysis (Becton Dickinson). Events were gated to include viable lymphocytes. Ten thousand gated events were collected and analyzed using a quadrant dot blot. Total cell populations in the lymph nodes were calculated by multiplying the percentage of occurrence in a dot plot of a cell population by the total number of cells counted in the node.
Preparation of tissues for histological examination. At 8 and 20 days after infection, mice were euthanized with ether and their hind paws were amputated at mid-femur. The paws were then fixed in 10% neutral buffered zinc formalin for 24 h. Subsequently, the paws were placed in decalcifying solution (Lerner Laboratories, Pittsburgh, Pa.) for 24 h, followed by addition of fresh decalcifying solution for an additional 48 h. Following decalcification the legs were placed in tissue-embedding cassettes (Fisher Scientific), embedded in paraffin, and cut into 6-m-thick sections. The sections were placed on glass slides and stained with hematoxylin and eosin. Sections were cryptically coded, and an unbiased histopathological examination was performed by two board-certified pathologists (D.M.E. and J.T.).
Statistical analysis. The number of lymph node cells among groups was tested by an analysis of variance. Analysis of variance was used to determine whether there were significant differences in the number of lymph node cells found among the various test groups. The alpha level was set at 0.05 before the experiments were started. The standard error for the experiment was then determined.
RESULTS
Anti-IL-17 treatment inhibits development of arthritis. Two groups of four B. burgdorferi-vaccinated IFN-␥-deficient mice each were challenged with 10 6 viable B. burgdorferi organisms 21 days after vaccination. One of the two groups was treated with anti-IL-17 antibody, while the remaining group was injected with an isotype antibody (goat immunoglobulin G) on the day of challenge and daily thereafter for 8 days. Twenty days after challenge, the non-IL-17-treated vaccinated IFN-␥-deficient mice exhibited histopathologic evidence of synovial hyperplasia, pannus formation, destruction of the articular cartilage, and bone erosion of the ankle joint of the hind paw ( Fig.  2A) . Treatment of B. burgdorferi-vaccinated and challenged mice with anti-IL-17 antibody prevented synovial inflammation along with cartilage and bone destruction of the ankle (Fig.  2B ). Similar findings have been previously reported (9) .
Effects of anti-IL-17 treatment on CD4 ؉ CD25 ؉ T cells. The purpose of this study was to determine whether the number of CD4 ϩ CD25 ϩ T cells changed in the lymph nodes draining the hind paw of vaccinated and challenged mice with or without treatment with anti-IL-17 antibody. Twenty-one days after vaccination, two groups of 12 vaccinated mice each with or without treatment with anti-IL-17 antibody were challenged with 10 6 viable B. burgdorferi organisms. A third group of 12 vaccinated mice was also treated with anti-IL-17 antibody but was not infected with B. burgdorferi. Anti-IL-17 antibody was administered to the groups on the day of challenge and daily thereafter for 8 days. Subsequently, inguinal and popliteal lymph nodes were collected from three mice per group at 0, 2, 8, and 20 days after challenge. The number of CD4 ϩ CD25 ϩ T cells in the lymph nodes was determined.
The number of CD4 ϩ CD25 ϩ T cells increased rapidly in the inguinal (Fig. 3A) and popliteal ( Anti-IL-17-treated vaccinated and challenged mice administered anti-CD25 antibody developed severe swelling of the hind paws 8 days after challenge (data not shown). Histopathologic examination of the small bones of the foot (Fig. 4B) showed moderate inflammation of the periarticular soft tissue. The ankle joint also showed moderate inflammation of the synovial and subsynovial tissues. Synovial hyperplasia (five to six cells thick) and pannus formation were present (Fig. 4D) . By contrast, anti-IL-17-treated vaccinated and challenged mice that did not receive anti-CD25 antibody or received the CD25 isotype antibody showed only minimal inflammatory changes of the small bones of the foot (Fig. 4A) and ankle (Fig. 4C) . Vaccinated mice injected with both anti-IL-17 and anti-CD25 antibody, but not challenged with B. burgdorferi, were free of inflammation of the small bones of the foot and ankle joint (histopathology not shown). The pathology was similar among all mice within a group.
Twenty days after challenge of anti-IL-17-treated vaccinated mice administered anti-CD25 antibody, severe histopathologic changes were present. The small bones of the foot had extensive periarticular inflammation and bone erosion (Fig. 5B) . The ankle joint (Fig. 5D) showed pericapsular inflammation and erosion of the periosteum, with pannus formation extending into the marrow space. Moreover, whole areas of the synovial lining were destroyed, and pannus formation was present in the joint. The knee joint (Fig. 5F ) showed hypertrophic tenosynovitis and severe inflammation of the surrounding soft tissue. The cartilage of the knee was partially destroyed, and inflammatory cells were present in the joint space. By contrast, anti-IL-17-treated vaccinated and challenged mice showed only minimal changes in the small bone of the foot (Fig. 5A), ankle (Fig. 5C) , and knee joint (Fig. 5E) . No evidence of inflammation was detected in anti-IL-17-treated vaccinated mice administered anti-CD25 antibody but not challenged (histopathology not shown).
Number of CD4 ؉ CD25 ؉ T cells in anti-IL-17-treated vaccinated and challenged mice following therapy with anti-CD25
antibody. The purpose of this experiment was to determine the effects of treatment with anti-CD25 antibody on the number of CD4 ϩ CD25 ϩ T cells in anti-IL-17-treated vaccinated and challenged mice. Twenty-one days after vaccination, two groups of six mice each were administered anti-IL-17 antibody and challenged with B. burgdorferi with or without concomitant therapy using anti-CD25 antibody. Treatment with anti-CD25 antibody was discontinued 8 days after challenge. At days 8 and 20 after infection, the number of CD4 ϩ CD25 ϩ T cells was determined in the inguinal and popliteal lymph nodes by flow cytometry. Figure 6 shows that the number of CD4 ϩ CD25 ϩ T cells in the popliteal lymph nodes decreased 10-fold or more from 3.4 ϫ 10 5 to 2.6 ϫ 10 4 cells following treatment of anti-IL-17-treated vaccinated and challenged mice with anti-CD25 antibody. Twenty days after infection (Fig. 6) , the number of CD4 ϩ
CD25
ϩ T cells did not differ significantly between anti-IL-17-treated vaccinated and challenged mice with or without treatment with anti-CD25 antibody. Similar results were obtained after determination of the number of CD4 ϩ CD25 ϩ T cells in the inguinal lymph nodes (data not shown) of anti-IL-17-treated vaccinated and challenged mice with or without treatment with anti-CD25 antibody.
Histopathologic effects of delayed administration of anti-CD25 antibody. The purpose of this study was to determine the histopathologic effects of delayed administration of anti-CD25 antibody to anti-IL-17-treated vaccinated and challenged mice. Three groups of four vaccinated (21 days) mice each were administered anti-IL-17 antibody and challenged with B. burgdorferi. The anti-IL-17 antibody was administered to all groups of mice for 8 days after challenge. Subsequently, two groups of anti-IL-17-treated vaccinated and challenged mice were injected with anti-CD25 antibody on day 2 or 4 after challenge. Therapy with anti-CD25 antibody was continued daily thereafter until day 8 after challenge. The third group of four anti-IL-17-treated vaccinated and challenged mice was not treated with anti-CD25 antibody.
Twenty days after challenge, histopathologic changes were detected in the two groups of anti-IL-17-treated vaccinated and challenged mice administered anti-CD25 antibody. Mice injected with anti-CD25 antibody 2 days after challenge had the most severe histopathologic changes (Fig. 7A) . The joint showed altered articular cartilage and subchondral bone along with synovial inflammation. Anti-IL-17-treated vaccinated and challenged mice that received anti-CD25 antibody 4 days after challenge showed only synovial hyperplasia (one or two cells thick) with subsynovial inflammation (Fig. 7B) . No histopathologic responses, except mild subsynovial inflammation, were detected in the knee joints of anti-IL-17-treated vaccinated and challenged mice without treatment with anti-CD25 antibody (histopathology not shown, but the findings were similar to those presented in Fig. 5E ).
DISCUSSION

CD4
ϩ T cells in mice contain a subpopulation of immunoregulatory cells that express the IL-2 receptor ␣-chain (CD25). These CD4 ϩ CD25 ϩ T cells play a vital role in the induction and maintenance of self-tolerance and prevention of autoimmunity (4, 21, 34, 36, 37, 39, 41, 42) . We have presented evidence that CD4 ϩ CD25 ϩ T cells also play a major role in preventing expression of arthritis in an experimental model of B. burgdorferi-vaccinated and challenged mice treated with anti-IL-17 antibody. When anti-IL-17-treated B. burgdorferi-vaccinated and challenged mice were concomitantly administered anti-CD25 antibody, they developed a prominent severe destructive osteoarthropathy. Our results indicate an association between CD4 ϩ CD25 ϩ T cells and inhibition of IL-17 for control of arthritis associated with B. burgdorferi vaccination and challenge in IFN-␥-deficient mice.
In this report, we first showed that severe destructive arthritis could be induced experimentally in B. burgdorferi-vaccinated and challenged mice. When vaccinated and challenged mice were treated with anti-IL-17 antibody, the arthritis abated. These findings confirm the reports of Christopherson et al. (13) and Burchill et al. (9) . Furthermore, we showed that treating 
CD25
ϩ T cells decreased in the regional lymph nodes. More importantly, anti-CD25-treated animals developed a prominent osteoarthropathy. Histopathologic examination confirmed that treatment with anti-CD25 antibody caused extensive pathological findings, including destruction of bone and cartilage.
T cells, especially CD4 ϩ T cells, are involved in the induction of arthritis associated with B. burgdorferi vaccination and challenge (27, 29) . Vaccinated animals depleted of CD4 ϩ T cells failed to develop severe destructive arthritis after infection with B. burgdorferi (29) . The mechanism by which CD4 ϩ T cells induce arthritis has not been elucidated. Most investigations defining the immune arthritic process point toward CD4 ϩ T-cell-driven cytokine regulatory mechanisms (11, 12, 25, 30, 35, 45) . Our results also support a cytokine pathway for induction of arthritis. When IL-17 was blocked, the development of arthritis was prevented. Presumably, treatment with anti-IL-17 increased the number of CD4 ϩ CD25 ϩ T cells in the arthritisfree animals. In support, we showed that decreasing the number of CD25 ϩ T cells in anti-IL-17-treated vaccinated and challenged mice induced severe destructive arthritis. These results suggest that CD4 ϩ CD25 ϩ T cells play a major role in the regulation and prevention of arthritis. Conversely, Bardos et al. (7) ϩ CD25 ϩ T regulatory cells were present to limit the inflammatory process.
Our findings were obtained using IFN-␥-deficient mice. These mice lack the gene that encodes IFN-␥ and its receptor. nized as the animal model of choice for Lyme arthritis. These experiments are in progress. However, infection of these mouse strains with B. burgdorferi does not induce the same pathological responses of human Lyme disease, especially Lyme arthritis. More importantly, the roles of IL-17 and CD25 need to be defined in humans with Lyme arthritis.
In conclusion, we have shown that CD4 ϩ CD25 ϩ T cells play a major role in preventing an experimentally induced arthritis in B. burgdorferi-vaccinated and challenged mice. Prevention of arthritis by CD4 ϩ CD25 ϩ T cells was associated with the absence of IL-17. Additional studies are needed to determine if CD4 ϩ CD25 ϩ T cells are also responsible for the resolution of arthritis in vaccinated and challenged mice. The availability of a reproducible mouse model allows development of other approaches for defining the immune mechanisms responsible for the arthritis.
